The answer to this question is simple. Change in the relative position of bony levers is the method used by man to produce the movements which permit him to ambulate and to do work. We record these photographically because the camera can catch and freeze anatomical relationships too fleeting to be perceived through the eyes of the most astute observer. If changing anatomical relationships can be examined in detail, much may be learned about the efficiency of the act recorded and the biomechanical laws and physiological mechanisms in operation during its performance. Frame-by-frame analysis of motion picture films is the method most commonly employed to study movement. Anyone who has tried to do this knows how laborious the procedure is. Indeed, it is so time consuming that most clinical motion pictures are used for recording purposes only, or for such generalizations as can be drawn from a repeated visualization of the same movement sequences. Since the latter are usually executed a t normal speeds, the viewer perceives little more than can be grasped from direct naked-eye examination of the patient. Thus, the unique contribution of instantaneous photography, its ability to stop movement, is lost and much valuable information remains beyond the reach of the observer.
In 1958 one of us (F. A. H.) commenced the examination of motion picture films accumulated over a period of years in the Department of Physical Education for Women at the University of Wisconsin as part of a cross-departmental longitudinal study of growth and development.
Included were basic motor skills thought to contribute to the movement repertoire from which adult activity patterns are built. The first problem attacked was to determine whether the tonic neck reflexes can be identified in such photographic material, and if they are more evident in the young than in older children. It soon became clear that some method would have to be devised to extract the data desired from the thousands of feet of film available. Reliable comparative observations could not be made from film projection at normal speeds, and the mind seemed incapable of storing and classifying the mass of information yielded in frame-by-frame inspection of even comparatively simple movement cycles. What was needed was a method of cutting down the number of visual impressions without affecting the ability of the observer t o perceive the trajectory of the moving part. At one and the same time the scheme adopted should retain the capacity of instantaneous photography to stop and freeze individual motions. The attempt to accomplish this led to a re-examination of the photographic methods of studying movement reported in the literature. The purpose of this paper is to present these, assess their value as tools in the analysis of motor performance, and describe briefly the technique used by us to pull out selected data from existent motion picture films.
FIRST ATTEMPTS TO PHOTOGRAPH THE HUMAN

FIGURE IN MOTION
In the decade 1877 to 1887 Eadweard Muybridge conducted, made public, and exploited the results of a remarkable series of experiments concerned with the photographic study of movement (1-3). These excited the lively interest of scientists, artists, and laymen the world over.
For some time prior to this, Etienne Jules Marey, the distinguished French physiologist, had been studying animal mechanics by the kymographic recording of the pressure changes in a pneumatic system attached to the bottoms of the weight bearing limbs of his experimental subjects. The consecutive movements of the appendages could thus be studied. The Marey chronostylograms were transcribed subsequently into drawings of the horse in motion. These appeared in a scientific paper of Marey's that apparently came to the attention of Leland Stanford, Jr. of California, who was interested in the training of race horses. The improbable looking attitudes of the horse in motion were said to have started a controversy which prompted Stanford to engage Muybridge to settle the dispute photographically. This he did by causing the horse to run in front of a battery of cameras placed parallel to the line of motion. As it progressed down the track, the horse broke the thread that tripped the shutter of each successive camera. The argument was settled and Marey's contentions were confirmed. The observations made at Palo Alto, California, were so successful that they were extended later under the auspices of the University of Pennsylvania, with special emphasis on human motion (4). More than 100,000 negatives were made at an expenditure of forty to fifty thousand dollars. These provided the student of movement with a "complete Thesaurus" or "dictionary of action" which has never been superseded (5).
Examination of the original Muybridge plates
shows that the cycle of the movements photographed serially was broken usually into eight or ten fragments. The time interval between consecutive pictures was equal and the successive photographs are reproduced with equidistant spacing. Variations in velocity of movement are thus more or less obscured. This gives the acts performed a caricature-like quality that does not however, mar their usefulness for the study of anatomical relationships. Some of the movements stopped by the camera are astonishingly bizarre. It has been said that Muybridge's pictures startled artists, physiologists, and other informed viewers, and gave unequivocal proof that the conventional representations of motion "were composites on the brain of the observer'' (5).
No one seems to have paid much attention to these incongruities because they escape consciousness when the serial photographs are examined in rapid succession, as for example, by viewing them through slits in the rotating disks of Muybridge's zoopraxiscope. The most ungainly attitudinal figures then merge quite insensibly into what appears to be a smooth and harmonious movement cycle.
Muybridge was a photographer and not a biological scientist. He was much more interested in the illusion of motion produced by projecting his instantaneous photographs than in the analysis of movement. Most of the effort of this period in the history of photography was directed toward perfecting the reproduction of movement. This led to the invention of various devices and processes that culminated in modern cinematography. Technical improvements in photography revolutionized man's concepts of terrestrial locomotion, especially that of the horse which was analyzed most thoroughly. No such detailed scrutiny appears to have been made of the human motions portrayed by Muybridge, although they are believed to have influenced greatly both artists and photographers. One can hardly view Muybridge's plates without regretting that cinematography has replaced so completely the grosser dissection of movement used with such incomparable skill by this pioneering photographer. Here the unique ability of the camera to freeze motion is revealed in a manner that might add much to our present-day investigation of pathological movements and the motor patterns of the disabled.
MAREY AND CHRONOPHOTOGRAPHY
Marey was quick to recognize a significant imperfection in Muybridge's early attempts to reproduce the successive phases of the complex movements of the horse (6). The distance traversed between recurrent photographic exposures was constant, not time. When the photographs were analyzed in the Plateau magic disk, the landscape and not the animal appeared to be moving. Marey is said to have been the first to synthesize motion from the Muybridge photographs by mounting them so the action could be reconstructed. Until Muybridge came to Paris in 1881, he had no concept of the physiological importance of his pictures. Marey greatly appreciated Muybridge's work and promptly substituted photography for his own pneumographic method of recording movement. But he was not interested in reproducing Muybridge's procedure. The technique utilizing a battery of cameras placed at equidistant intervals along the line of motion reproduced the act as viewed from multiple positions, always at right angles to the movement. The physiologist Marey wished to photograph movement as seen by the eye of a single individual. He was abundantly aware that two variables must be considered, space and time.
Marey knew that differences in the velocity of a moving body could be made evident as variations in the distance traversed in equal intervals of time. He therefore placed a circular fenestrated diaphragm before the open lens of his camera, rotated the disk at a uniform rate, and produced a succession of images on a fixed plate. The serial photographs were no longer spaced equally. Rather, they appeared at distances related directly to velocity. The whole movement cycle could now be visualized at a glance in proper reference to time.
Muybridge and Marey both photographed man jumping, an activity exhaustively analyzed in the Wisconsin longitudinal growth and de-' velopment study. Upon examining Marey's reproduction of the standing broad jump by way of illustration, it is evident at once that the preparatory motions are slow in comparison with the speed with which the body is propelled into space when the extensor power of the limbs makes itself felt (7) . As the body decelerates on the down-phase of the trajectory, successive pictures appear closer and closer together until they overlap. Marey thus succeeded in conveying, simultaneously, a notion of space as well as that of time. Both are essential for understanding movement. He called his procedure chronophotography.
TIME AND MOTION STUDY AS A TOOL FOR METHODS
ENGINEERING
There is little in the rapidly growing literature on methods engineering to suggest that either Muybridge or Marey played a role in the evolution of the time and motion study techniques that revolutionized industrial management. These movements began in the late 19th and the early 20th centuries and are usually associated with the names of two men, Taylor and Gilbreth. Taylor is known as the father of scientific management. He was interested in time study as a method of setting rational standards of industrial performance (8) . Gilbreth focussed attention on how the job is done (9) . This he did through motion analysis. In this he was greatly aided by his wife, a psychologist.
The Gilbreths must have been familiar with the work of Marey. They refer to it in one of their many publications (10) . At the time the concepts of methods measurement and analysis were born, Muybridge's reputation had reached its peak and was world-wide. To illustrate, it was the year 1887 when the University of Pennsylvania published 11 folio volumes made up of 781 engravings containing examples of 20,000 acts of motion, all photographed by Muybridge. In that same year a young apprentice to a building contractor, Gilbreth by name, was already criticizing the methods of the craftsmen who instructed him in the bricklaying trade. The idea of applying motion study to job analysis had fired the imagination of this young man. F'urthermore, in 1893 the University of Pennsylvania published Muybridge's Descriptive Zoopraxography, which bore the subtitle: Or the Science of Animal Locomotion made Popular (11). This was a memento of a series of lectures given by the author under the auspices of the United States Government Bureau of Education at the World's Columbian Exposition, in a building specially constructed for the purpose, and called Zoopraxiographical Hall. To the thousands who flocked to the Exposition, Muybridge was demonstrating how the eye may be taught to observe motion and distinguish the difference between a true and a false impression of movement. Primitive motion pictures were being too extensively discussed by men in all walks of life not to have had some influence, direct or indirect, upon Gilbreth. The age into which he had been born was ripe for the practical application of motion study.
As soon as crude equipment for cinematography became available the Gilbreths added this technique to the other methods already developed by them to expedite motion study. This became known as micromotion study, because the method was applied primarily in the detailed investigation of dexterous hand skills, too small, complex, or rapid to be analyzed satisfactorily by visual inspection alone. Many interesting lessons can be learned from this brilliant chapter in the history of methods engineering. Among the most impressive are the coding and charting procedures concurrently developed so that a systematic analysis might be made of the movement patterns photographed.
Since the object of motion study was work simplification for production improvement purposes, the criteria selected as measures of performance were meaningful primarily from an industrial management viewpoint. Although physiological factors were also considered, this was the exception rather than the rule, and the observations made appear superficial to a biological scientist. Micromotion techniques might be used with profit by the occupational therapist and in the neurophysiological study of skill. Their importance in the vocational training of the handicapped is self-evident. Indeed, the Gilbreths fully appreciated this and wrote upon the subject after World War I as cogently as any present-day exponent of rehabilitation (10) .
THE CYCLEGRAPH AND THE CHRONOCYCLEGRAPH
Micromotion films provide a series of instantaneous photographs of a subject in motion, usually at a rate of 16 exposures per second. The lack of continuity in the movement pattern is unnoticed because when the frames are projected at normal speed, the sensation aroused by one does not disappear immediately. It dims gradually, One picture fuses with the next and this gives the appearance of motion. If a continuous path of the cycle of motion is desired, it can be produced by attaching a small source of light to the moving part and photographing this with an ordinary camera in a dark or dimly illuminated room. The shutter of the camera remains open during the whole of the movement cycle. The Gilbreths built such a device and called it a cyclegraph. They succeeded next in recording the speed of movement by interrupting the light at a known time frequency. Thus the cyclegraph became a chronocyclegraph. The direction of movement could likewise be indicated if the duration of the make and the break of the circuit was varied sufficiently to convert the light impression into a pear-shaped signal. When stereoscopic photographs were taken against a cross sectioned screen of known dimensions, the data yielded would permit the reconstruction of three plane movement models. These proved useful in the teaching of standardized techniques embodying the most economical method of performing a given motor task. The best discussion of chronocyclegraphic methods is that of Shaw (12).
Cyclegrams taken before and after methods improvement are often dramatic. The extent of waste movement prior to motion analysis and re-training may be quite startling. To our best knowledge this technique of motion analysis has never been applied systematically to the study of pathological movement patterns. It might provide a comparatively simple means of matching the performance of the disabled with the normal in the execution of job skills, be used as an objective method of recording progress under occupational therapy, or as a tool for assessing the efficacy of rehabilitation programming.
MEMOMOTION STUDY
Long or irregular movement cycles, group activities, or protracted periods of observation are not amenable to analysis either by micromotion study or the chronocyclegraph. The record made by the latter becomes unintelligible and cinematography is unwieldly. The quantity of film accumulated and the man-hours of time required to analyze it make micromotion study uneconomical. Memomotion is the name given by Mundel to that special form of motion study in which serial photographs are taken at unusually slow speeds, one frame per second being the most common (13). This procedure was used by Hellebrandt et al. to sample spontaneous variations in head positioning during repetitive heavy resistance exercise of the upper extremities (14). It revealed hitherto unsuspected associated movements and stimulated interest in the neurophysiological mechanisms responsible for these seemingly patterned irradiations. The usefulness of memomotion study in the elucidation of motor learning processes has yet to be explored.
Work now in progress at the University of Wisconsin is focussing particular attention on the feasibility of exposure rates lower than one per second for scanning slowly developing and sustained alterations in posture initiated by the tonic neck reflexes. The same procedure should prove valuable for recording progress in neuromuscular performance as a result of training. Our greatest interest in memomotion study is its ability to probe the learnt aspects of skill when the receptor and effector processes involved are varied systematically. Applications of this method can be made also to investigation of the man-machine problems met in vocational rehabilitation. These have anatomico-physiological, as well as the more generally recognized biomechanical and psychological, implications.
The human element in equipment design became the subject of a number of crash research programs during World War 11. True, the manand-machine problems of industry had undergone considerable basic study in the laboratories of Barnes (15), Mundel (13), and Nadler (16), and had been discussed extensively by others (17-22) , but none had, taken cognizance fully of the biological factors involved. This is true also of the newer works in so-called human engineering (23, 24).
GAPS IN OUR KNOWLEDGE
The urgency of the situation described above was laid bare by the exigencies of the War. It is epitomized in remarks made by W. E. Le Gros Clark, Professor of Anatomy at the University of Oxford. These were titled "The Anatomy of Work" and were made at a meeting of the Ergonomics Research Society which sponsored a
Xymposium on Human Factors in Equipment
Design (25) . ' I , . . the fact is (and this is a sad admission) that astonishingly little is still known about the mechanical capacity of the human body working under natural conditions. With rather isolated exceptions, there has been a tendency for many years for anatomists to draw conclusions about muscle actions and joint movements from the study of the cadaver, and text-books of anatomy still include numerous statements based on such indirect evidence. Within recent years the direct study by modern technical methods of the 'mechanics' of the living human body has already demonstrated how misleading some of the statements are".
Le Gros Clark goes on to say that it seems to him to be "a matter of great practical importance that a systematic study of patterns of muscular activity involved in different kinds of work should be completed as soon as possible. For only when this information becomes available will it be possible to state accurately how machinery or tools requiring for their use physical force can be designed so as to be operated with the maximum economy of effort". Here Clark is referring to the type of information being revealed through the application of electromyography to the study of muscle function. He reiterates again and again that serious deficiencies exist in our knowledge of muscle action. How this affects the rational vocational rehabilitation of the handicapped worker is self-evident. It implicates also common procedure in the design of therapeutic equipment and assistive devices.
Can the patterns of muscular activity that undergird so many aspects of the rehabilitation of the disabled be studied objectively and economically? These are built-in mechanisms that contribute a large measure of automaticity to human neuromuscular performance. We must learn more than is now known about their evolution and decadence under work stress. Can the camera assist in the attainment of this objective? Photographic techniques have two outstanding attributes (26). They possess an unparalleled capacity for recording facts without bias. They can also transmit facts. The rehabilitation worker may be frustrated, however, by his inability to reproduce in a written report facts often recorded dramatically in motion picture films. He has no standard procedures for transcribing photographed facts into descriptive terms which will be understood universally.
The Gilbreths believed that all work is performed by using relatively few fundamental motions in various combinations and sequences. They called these basic elements "therbligs", defined them carefully, and then designated each with a graphic or color code symbol. In other words, they created a movement language admirably applicable to the analysis of industrial operations and to the recording of motion study data in various types of diagrams and charts. No such vocabulary of motion exists to assist the rehabilitation worker in his analysis of clinical motion picture films. It seemed to us that a step in the correct direction might be taken if a practical method could be devised for eliminating some of the minutiae recorded in existent films, thus throwing into bolder relief the relatively gross changes in behavior with which we deal in the rehabilitation of the disabled.
CONVERTINQ CINEMATOGRAPHIC MOTION STUDY To
There is nothing original in the procedure to be described. It calls for commercially available components that can be assembled with a minimum of auxiliary construction, Suitable enlargement of single motion picture frames is the first requisite of the method. The picture viewed must be large enough to display changes in movement patterning thought to be important enough to warrant detailed scrutiny. This we did with a
GROSS DISSECTION O F MOVEMENT CYCLES
MOVEMENT
Revere 816 enlarger. Maximum enlargement was to 3.5" x 5.0" and this could be reduced to 3.5" x 2.5)' since the cover to the easel was hinged to permit whole or half field exposure. Prints were made on direct positive paper fed from a supply spool through rollers to the easel. The capacity of the feed spool was 200'. The paper was advanced manually and caught in a lighttight box that could easily hold as many as 24 consecutive 2.5" x 2.5" exposures. Continuous strips longer than this would require a windup spool. The roll of prints could be slit into sections of any length desired by interposing a cutter between the easel and the light-tight box. Exposure was controlled by an automatic timer. The strips of exposed direct positive paper were processed individually but could be wound on a spool if desired. The processing procedure required less than 5 minutes since no fixing or prolonged washing was necessary. Prints were also dry enough to stack or roll in a matter of minutes if they were wiped after developing, and if air circulation was increased in the dark room by use of an electric fan. There was negligible curling. Between four and five hundred individual frames could be selected, enlarged, printed and processed by one operater in a single day.
The method described is sufficiently flexible to permit ready simulation of Muybridge's scheme of gross movement dissection. If a timing device is included in the picture, the equipment assembled may also be used to reconstruct Marey chronophotographs. The equivalent of memomotion study is achieved by selecting successive frames at some predetermined time interval appropriate for the act under observation. The serial photographs made may be reproduced as friezes. These greatly expedite visualization of inter-individual and intra-individual variations in motor performance. Thus the device assembled by us enables the reduction of data in existent motion picture films to proportions permitting the relatively quick and efficient examination of large accumulations of cinematographic material.
